Recent experimental evidence suggests that the low dopamine conditions in Parkinson's disease (PD) cause motor impairment through aberrant motor learning. Those data, along with computational models, suggest that this aberrant learning results from maladaptive corticostriatal plasticity and learned motor inhibition. Dopaminergic modulation of both corticostriatal long-term depression (LTD) and long-term potentiation (LTP) is proposed to be critical for these processes; however, the regulatory mechanisms underlying bidirectional corticostriatal plasticity are not fully understood. Previously, we demonstrated a key role for cAMP signaling in corticostriatal LTD. In this study, mouse brain slices were used to perform a parametric experiment that tested the impact of varying both intracellular cAMP levels and the strength of excitatory inputs on corticostriatal plasticity. Using slice electrophysiology in the dorsolateral striatum, we demonstrate that both LTP and LTD can be sequentially induced in the same D2-expressing neuron and that LTP was strongest with high intracellular cAMP and LFS, whereas LTD required low intracellular cAMP and high-frequency stimulation. Our results provide a molecular and cellular basis for regulating bidirectional corticostriatal synaptic plasticity and may help to identify novel therapeutic targets for blocking or reversing the aberrant synaptic plasticity that likely contributes to motor deficits in PD.
Introduction
Bidirectional synaptic plasticity is an important mechanism for learning and adapting behavior in an experience-dependent manner (Reynolds and Wickens, 2002; Jörntell and Hansel, 2006; Lovinger, 2010) . At many central synapses, the strength of glutamatergic input and intracellular Ca 2ϩ levels determine the direction and magnitude of synaptic plasticity (Malenka, 1994; Wong et al., 1999; Malenka and Bear, 2004; Gall et al., 2005) . At corticostriatal synapses, the neuromodulator dopamine plays a central role in plasticity (Calabresi et al., 2007) . Our earlier studies suggested that the striatal enriched adenylyl cyclase type V (AC5), which is activated by G proteins but not by Ca 2ϩ (Guillou et al., 1999) , is critical for dopamine-mediated plasticity (Kheirbek et al., 2009) . However, it is not clear how dopamine-induced cAMP signaling interacts with the strength of glutamatergic input in determining the direction and magnitude of synaptic plasticity.
Phasic dopamine signaling is likely coordinated with experiencedependent patterns of cortical activity to induce persistent changes in corticostriatal synaptic strength (Graybiel et al., 1994; Costa et al., 2004) . Although the contribution of striatal synaptic plasticity to motor learning has been postulated (Costa et al., 2004; Pisani et al., 2005; Calabresi et al., 2007) , more recent work highlights the potential contribution of experience-dependent corticostriatal plasticity to motor impairments in Parkinson's disease (PD; Kreitzer and Malenka, 2007; Shen et al., 2008; Beeler et al., 2010; . Dopamine acutely alters medium spiny neuron (MSN) excitability in the striatonigral and striatopallidal pathways (Nicola et al., 2000; Surmeier et al., 2007) and these acute effects are the basis for classic models of PD (Penney and Young, 1986; Albin et al., 1989; DeLong, 1990; Mink, 1996) . However, dopamine regulation of striatal synaptic plasticity could affect future motor performance in a persistent manner. Alteration in corticostriatal plasticity has only recently been considered to contribute to the motor symptoms of PD. Accumulating evidence suggests that dopamine denervation can induce an inversion in the direction of plasticity at corticostriatal synapses, particularly in the striatopallidal pathway, such that conditions that normally induce long-term depression (LTD) will instead yield long-term potentiation (LTP; Kreitzer and Malenka, 2007; Shen et al., 2008; Fino et al., 2010) . Dopamine denervation or blockade results in D2-mediated aberrant learning, which is experience and task specific (Wiecki et al., 2009; Beeler et al., 2010; .
These observations suggest that dopamine denervation may induce inappropriate potentiation in the inhibitory striatopallidal pathway that gradually deteriorates motor performance via learned motor inhibition (Wiecki and Frank, 2010; Beeler, 2011; Zhuang et al., 2013) . In this model, bidirectional corticostriatal plasticity is modulated by both dopamine and excitatory input strength. Because dopamine signaling via cAMP contributes to synaptic plasticity Kheirbek et al., 2009; Lerner and Kreitzer, 2012) , we systematically tested the effects of modifying intracellular cAMP levels and afferent stimulation strength to assess the permissive conditions for LTP and LTD of the excitatory inputs to striatopallidal neurons. Our data suggest that dopamine-regulated changes in intracellular cAMP is a critical control point for enhancing or suppressing excitatory inputs contingent upon the level of afferent activity.
Materials and Methods
Mice. All animal experiments were approved by the Institutional Animal Care and Use Committee at The University of Chicago. Male and female adult (4 -8 weeks old) hemizygous Drd2-enchanced green fluorescent protein (EGFP) bacterial artificial chromosome (BAC) transgenic mice (obtained from the Mutant Mouse Regional Resource Center) backcrossed onto a C57BL/6 background were used in all experiments. Drd2-EGFP homozygotes were identified from test crosses and then crossed with C57BL/6 mice to produce hemizygotes. The transgene, EGFP, in the Drd2 EGFP BAC transgenic mice is expressed under the regulatory control of DA D2 receptors (Gong et al., 2003) , which allows for the visual identification of D2-expressing MSNs.
Slice preparation. Mice were anesthetized with isoflurane and decapitated into cold oxygenated (95% O 2 and CO 2 ) sucrose artificial CSF (ACSF). Coronal slices (250 M) containing striatal tissue were taken from hemizygous Drd2-EGFP BAC transgenic mice using a vibratome. Then slices were transferred and incubated for 30 -60 min in a perfusion holding chamber at 32-34°C in oxygenated ACSF containing the following (in mM): 125 NaCl, 2.5 KCl, 1 MgCl 2 (6H 2 O), 2.5 CaCl 2 , 20 glucose, 1 NaH 2 PO 4 , 25 NaHCO 3 , and 1 ascorbic acid (Kheirbek et al., 2009) .
Electrophysiology. During recording, slices were perfused (3-5 ml/min) with ACSF without ascorbic acid and incubated at 37°C. The cells were first visualized using infrareddifferential interference contrast microscopy with a fixed stage upright microscope. Then, D2 MSNs in the dorsolateral striatum were identified using epifluorescence microscopy (X-cite series 120Q; EXPO Photonic Solutions) and whole-cell voltage-clamp recordings were performed (V m ϭ Ϫ70 mV). Recording pipettes (4 -7 M⍀) were filled with a cesium-gluconate internal solution containing the following (in mM): 120 Cs gluconate, 10 TEA-Cl, 10 HEPES, 10 glucose, 5 NaCl, 5 Qx-314, 4 ATP-K, 1.1 EGTA, and 0.3 GTP-Na. All experiments were conducted in the presence of 50 M picrotoxin, a GABA A receptor antagonist. Data were acquired with a Multiclamp 700A amplifier; signals were digitized at 10 kHz with a Digidata 1440A and viewed with pCLAMP 9.2 software (Molecular Devices). The series resistance (Ͻ25 M⍀) was recorded and monitored throughout the recording. The input resistance of the cell was monitored online (Ͻ30% variation) with an 11 mV, 100 ms depolarizing pulse 1000 ms after the last paired stimuli. For stimulation of corticostriatal terminals, a bipolar tungsten electrode with a 500 m tip separation was placed in the corpus callosum or striatum dorsolaterally to the recording location. Paired test pulses separated by 25 ms were delivered via the Master-8 stimulator (A.M.P.I.) at 0.05 Figure 1 . Corticostriatal LTD in striatopallidal MSNs in dorsolateral striatum. A, EPSC amplitudes were normalized to baseline, averaged, and plotted versus the time of the recording. HFS induces LTD (n ϭ 12 cells/slices, t (11) ϭ 3.35, p ϭ 0.006), Inset, Representative traces before (solid line) and after (dashed line) HFS. Scale bar, 100 pA, 10 ms. B, There is an increase in the PPR from cells that responded to HFS with a significant depression of EPSC amplitude after HFS (n ϭ 8 cells/slices, t (7) ϭϪ2.55, p ϭ 0.038). A subset of cells did not show LTD, and the PPR from these cells were not different after HFS (n ϭ 4 cells/slices, t (3) ϭ Ϫ0.86, p ϭ 0.452). C, D, HFS induces no LTD in the presence of the D2 receptor antagonist sulpiride (10 M; n ϭ 6 cells/slices, t (5) ϭ Ϫ0.09, p ϭ 0.93; C) and the PPR was not different in sulpiride-pretreated neurons (t (5) ϭ Ϫ1.11, p ϭ 0.32; D). E, F, HFS results in consistent LTD in the presence of the D2 receptor agonist quinpirole (10 M; n ϭ 6 cells/slices, t (5) ϭ 9.09, p ϭ 0.0002; E), HFS-induced LTD in quinpirole-treated neurons is accompanied by an increase in PPR (n ϭ 6 cells/slices, t (5) ϭ Ϫ2.44, p ϭ 0.058; F ). G, HFS induces LTD when the cell is dialyzed with the PLC inhibitor U73122 (10 M) in the presence of extracellular quinpirole (10 M; n ϭ 6 cells/slices, t (5) ϭϪ3.25, p ϭ 0.023). H, This LTD is accompanied by a trend toward an increase in PPR in the subset of cells that show LTD (n ϭ 5 cells/slices, t (4) ϭ Ϫ2.45, p ϭ 0.07). The LTD magnitude (t (11) ϭ 1.87, p ϭ 0.09) and prevalence (5/6 with quinpirole and the PLC inhibitor vs 6/6 with quinpirole alone, p ϭ 0.3 by 2 ) were not different from control recordings without the PLC inhibitor.
Hz. EPSC amplitudes were determined by the response to the first stimulation (P1). The paired-pulse ratio (PPR) was calculated as P2/P1. Stimulus intensity ranged from 0.01 to 1 mA with a duration of 200 s. After 5-10 min of stable baseline recording, one of two conditioning stimuli was applied. The HFS conditioning stimulus, consisting of 4 1 s 100 Hz trains, was administered while the postsynaptic cell was depolarized to 0 mV. LFS conditioning stimuli consisted of stimulation once at Ϫ70 mV and then once during a depolarizing step to ϩ40 mV, and this was repeated 5 times at 0.5 Hz. For the AMPA/NMDA ratio, the average AMPA peak amplitude and time to peak were determined from five evoked EPSCs at Ϫ70 mV; the average NMDA peak amplitude was determined by sampling a 10 ms window 40 ms after the peak of the AMPA EPSC, from five evoked EPSCs at ϩ40 mV. Pharmacological agents were bath applied, except the Sp-Adenosine 3Ј,5Ј-cyclic monophosphorothioate (Sp-cAMP) and Rp-Adenosine 3Ј,5Ј-cyclic monophosphorothioate (RpcAMP), which were applied via the recording electrode. Only one recording was performed per brain slice. Chemicals were purchased from Sigma-Aldrich except for the following: Sp-cAMP (Tocris Bioscience), D-AP5 (Tocris Bioscience and Abcam), NKY80 (EMD4 Biosciences), and U73122 (Tocris Bioscience).
The data for the electrophysiological experiments are reported as mean Ϯ SEM and are expressed as the normalized value of the baseline (2-5 min) before the conditioning stimulus, unless otherwise stated. Changes in synaptic strength were determined by comparing the EPSC amplitude 2-5 min before and the last 2-5 min after stimulation by a paired t test. To determine group differences in EPSC amplitude (LTD, LTP, or no change), a Student's unpaired t test was used.
Results

Low intracellular cAMP is permissive for LTD in striatopallidal MSNs
To facilitate identification of striatopallidal MSNs, we used a transgenic mouse line expressing EGFP under the control of the DRD2 receptor regulatory sequence (Gong et al., 2003) . Hemizygous mice expressing this transgene backcrossed onto C57BL/6 background show normal motor learning (Nelson et al., 2012) . Similar animals were used in our studies to test the effects of D2 receptor activation on the reliability of LTD induction after HFS of the glutamatergic inputs to these neurons in the dorsolateral striatum, the sensorimotor region of the striatum that is important for stimulus-response learning (Costa et al., 2004; Yin et al., 2009) . In control slices, HFS paired with postsynaptic depolarization induced LTD in 67% of D2-expressing MSNs (Fig. 1A ). An increase in PPR was observed only in those cells exhibiting LTD (Fig. 1B) , which is consistent with endocannabinoid-mediated alteration of presynaptic release probability (Choi and Lovinger, 1997; Gerdeman et al., 2002; Kheirbek et al., 2009 ). Administration of the D2 receptor antagonist sulpiride completely abolished LTD (Fig. 1C,D) , which is consistent with previous reports (Wang et al., 2006; Kreitzer and Malenka, 2007; Shen et al., 2008; Bagetta et al., 2011) . When the D2 receptor agonist quinpirole was applied, HFS induced LTD in 100% of the cells tested ( Fig.  1 E, F ) , with concomitant increases in PPR. Therefore, D2 receptor activation increased the reliability of HFS-induced LTD. These data are in agreement with the well established role of D2 receptors in LTD induction Kheirbek et al., 2009; Lerner and Kreitzer, 2012) . D2 receptor coupling to G i␣ suggests that a decrease in cAMP is important for LTD; however, D2-mediated PLC signaling can also contribute to LTD induction (Fino et al., 2005; Lerner and Kreitzer, 2012 ). To test this pathway, we included the PLC inhibitor U73122 in the patch pipette while the D2 receptor agonist quinpirole was bath applied. Under this condition, HFS still induced reliable LTD (Fig. 1G) , with a trend toward an increase in PPR in the cells that showed LTD (Fig. 1H ) . Together, these findings suggest that reduced intracellular cAMP supports LTD induction under these recording conditions.
To test directly the role of intracellular cAMP concentration in LTD induction, we used electrode solutions containing different concentrations of Sp-cAMP, a nonhydrolyzable cAMP analog that activates protein kinase A (PKA). HFS induced LTD only with the lowest Sp-cAMP concentration tested, 2 M (Fig. 2A) . Both 20 and 500 M Sp-cAMP blocked LTD induction (Fig. 2 B, C) . Inhibition of PKA activity with Rp-cAMP in the recording electrode also inhibited LTD induction (100 M; Fig. 2D ). These data support the idea that there is a permissive window of intracellular cAMP that facilitates LTD induction in striatopallidal MSNs.
LFS potentiates excitatory inputs to striatopallidal MSNs
To assess the cAMP modulation of corticostriatal potentiation, we tested an LFS protocol combined with MSN depolarization. This protocol consisted of 5-step depolarizations to ϩ40 mV for 550 ms at a frequency of 0.5 Hz, combined with stimulation of inputs once within and once between each of these depolarizations (Fig. 3A) . This LFS protocol increased EPSC amplitude (Fig. 3) . We then tested the contribution of intracellular cAMP to LFS induced potentiation. With 2 M Sp-cAMP in the recording electrode (Fig. 3B) , the only condition that produced LTD after HFS, potentiation was weak (Fig. 3B) . Increasing the intracellular SpcAMP to 20 and 500 M resulted in potentiation (Fig. 3C,D) , the concentrations that corresponded to no HFS-induced LTD. The EPSC amplitude at 500 M Sp-cAMP was less compared with 20 M, suggesting an optimal range of cAMP levels for potentiation, as observed for LTD. When the pipette solution included the PKA inhibitor Rp-cAMP, the synapses were strongly potentiated in response to LFS (Fig. 3E) . These data suggest a window of low intracellular cAMP concentration that restricts potentiation, presumably favoring LTD, and levels above or below this range will promote potentiation by low-frequency inputs.
LFS-induced potentiation is NMDA-receptor-dependent LTP
We next tested whether LFS-induced potentiation is long lasting and can be considered LTP. With 20 M Sp-cAMP in the recording electrode, LFS induced a long-lasting potentiation, which is consistent with LTP (Fig. 4A) . When Sp-cAMP is not included in the recording solution, LFS did not induce LTP (Fig. 4B) . When we included 20 M Sp-cAMP in the pipette without presynaptic or postsynaptic stimulation, there was no change in EPSC amplitude (Fig. 4C) . Postsynaptic depolarization mimics the upstate of MSNs, which activates L-type calcium channels and enables NMDA receptor function (Carter and Sabatini, 2004). When the neurons were depolarized without additional afferent stimulation other than the test stimuli, we saw a slight trend toward potentiation that was not statistically different from baseline (Fig. 4D) . Application of AP-5, an NMDA receptor antagonist, eliminated LFS-induced LTP (Fig. 4E) , indicating that this potentiation is NMDA receptor dependent, which is consistent with previous observations of striatal LTP (Calabresi et al., 1992b; Dang et al., 2006; Shen et al., 2008; Fino et al., 2010) . The data demonstrate an NMDAreceptor-dependent corticostriatal LTP that is dependent upon LFS combined with postsynaptic depolarization and permissive intracellular cAMP concentrations.
Sequential induction of potentiation and depression in striatopallidal MSNs
Corticostriatal plasticity in D2-expressing MSNs is bidirectional and the results presented indicate that cAMP signaling can regulate both potentiation and depression. However, it is not known whether LTD and LTP can be induced in the same cell. Therefore, we tested whether these two forms of synaptic plasticity can be induced in the same D2-expressing MSNs. Cells were dialyzed with either 2 or 20 M Sp-cAMP to support either LTD or LTP induction, respectively. After gaining whole-cell access, the neurons were initially subjected to LFS (Fig. 3A) , EPSCs were monitored for 10 min, and then HFS was applied. Figure 5 , A and B, shows representative examples of EPSC amplitudes recorded from 2 neurons with either 2 or 20 M Sp-cAMP in the recording electrode. EPSC amplitudes were normalized to the baseline immediately preceding each stimulation protocol and plotted separately (Fig. 5C,D) . As illustrated, 2 M Sp-cAMP in the recording electrode resulted in a weak, LFS-induced potentiation, followed by a strong, HFS-induced depression of excitatory inputs (Fig. 5C ). In contrast, 20 M Sp-cAMP supported strong potentiation and did not support HFS-induced depression (Fig. 5D ). To assess changes in postsynaptic AMPA receptor expression, we measured the AMPA/NMDA ratio. Under both 2 and 20 M Sp-cAMP conditions, LFS-induced potentiation of EPSC amplitudes was associated with an increase in the AMPA/NMDA ratio, which is consistent with increased postsynaptic expression of AMPA receptors and LTP induction (Fig. 5C,D, panel 3) . This change persisted after administration of HFS, suggesting that HFS-induced synaptic depression does not alter AMPA receptor expression. Under conditions that support only LTD (2 M Sp-cAMP and HFS), when the AMPA/NMDA ratio was tested immediately before the HFS and then 20 min later, there was a trend toward an increase in the ratio that was not statistically significant (data not shown; n ϭ 7 cells, t (6) ϭ Ϫ1.82, p ϭ 0.12). The lack of a decrease in this ratio supports the idea that HFS-induced LTD is predominantly a presynaptic phenomenon that does not alter postsynaptic AMPA receptor expression.
These data emphasize the independent mechanisms underlying these two forms of plasticity. Under these conditions, LTD induction is unaffected by the prior potentiation, because the magnitude of depression is similar with and without preceding LFS (cf. Fig. 2 A, C) . In contrast, under 20 M Sp-cAMP conditions, LFS induced a robust potentiation of synaptic transmission and a large increase in the AMPA/NMDA ratio (Fig. 5D) , whereas subsequent HFS did not induce LTD (Fig. 5D ). The data demonstrate that both potentiation and depression can occur within the same neuron and that they do not reverse each other mechanistically. In addition, both cAMP signaling and the activity of excitatory inputs will favor one form of Figure 3 , B and C. C1, LFS induces a weak potentiation with 2 M Sp-cAMP in the recording pipette. C2, HFS stimulation, administered 10 min after the LFS, induces robust LTD (n ϭ 5 cells/slices, t (4) ϭ 6.66, p ϭ 0.003). C3, Average AMPA/NMDA ratio 21 min from the start of the recording (t (4) ϭ Ϫ3.56, p ϭ 0.02). Inset, Representative traces of AMPA and NMDA EPSC. Scale bar 50 pA, 10 ms. Vertical dotted lines indicate the sampling window after the decay of the AMPA receptor-mediated EPSC, when the NMDA EPSC amplitude was assessed. D1, With 20 M Sp-cAMP in the recording pipette, LFS induces a robust potentiation. D2, Subsequent HFS has no effect of EPSC amplitude (n ϭ 7 cells/slices, t (6) ϭ Ϫ0.03, p ϭ 0.97). D3, This potentiation of EPSC amplitude is accompanied by an increase in the AMPA/NMDA ratio (21 min after the beginning of the recording; t (6) ϭ Ϫ2.60 p ϭ 0.04).
plasticity over the other-that is, conditions that favor potentiation suppress LTD induction and vice versa.
Discussion
The striatopallidal or D2 pathway is thought to be principally involved in the motor deficits associated with the hypodopamine conditions in PD (Penney and Young, 1986; Albin et al., 1989; DeLong, 1990; Mink, 1996) . Recently published studies suggest that aberrant corticostriatal potentiation in the striatopallidal pathway in the absence of dopamine contributes significantly to motor impairments in PD, whereas dopamine replacement restores both LTD in this pathway and motor performance (Beeler et al., 2010; Wiecki and Frank, 2010; . Both of these processes are experience dependent. Previous studies suggest that bidirectional corticostriatal plasticity in the striatopallidal pathway could be modulated by both dopamine signaling and excitatory input strength. To test this, we manipulated cAMP levels via the recording electrode and revealed that HFS-induced LTD occurs most prominently within a low concentration range (Table 1 ). This form of plasticity was lost when the cAMP levels were higher. This is in agreement with our earlier studies (Kheirbek et al., 2009), as well as published studies by others (Lerner and Kreitzer, 2012) . These findings suggest that the high prevalence and magnitude of LTD seen in the presence of the D2 receptor agonist quinpirole is mediated by suppression of cAMP to permissive levels in the presence of strong excitatory input. This is further supported by the observation that quinpirole still facilitates HFS-induced LTD in the presence of a PLC inhibitor, as reported previously (Lerner and Kreitzer, 2012) .
In contrast to the widely observed LTD associated with HFS in striatopallidal MSNs, applying LFS paired with postsynaptic depolarization induces LTP. This LTP is NMDA receptor dependent, which is consistent with previous studies (Calabresi et al., 1992b; Dang et al., 2006; Flajolet et al., 2008; Shen et al., 2008; Fino et al., 2010) , and is the strongest at intracellular cAMP concentrations outside the range that supports LTD (Table 1) . Conversely, the concentration that produced the weakest LFS-induced LTP also produced the strongest HFS-induced LTD. This reduced potentiation was not due to a competing depression because blocking LTP with an NMDA receptor antagonist did not unmask any underlying LTD. These data demonstrate that, under permissive cAMP conditions and LFS, striatopallidal LTP can be induced in slice preparations under whole-cell recording conditions without the use of Mg 2ϩ free solutions (Calabresi et al., 1992b) or neurotrophic factors (Flajolet et al., 2008; Jia et al., 2010) , suggesting that intracellular cAMP and the frequency of afferent stimulation are critical determinants for corticostriatal plasticity in the striatopallidal pathway.
GABA transmission contributes to striatal neural networks, which in turn can affect the direction of excitatory synaptic plasticity (Fino et al., 2005) . We did not assess the impact of GABA transmission on cAMP modulation of synaptic plasticity because GABA A receptors were inhibited in all of our recordings. We expect that, along with the suppression of excitability, GABA modulation of the valence and magnitude of plasticity is also related to its effects on cAMP levels, which is a topic for future investigations.
Our data show that D2-expressing MSNs can exhibit an LFSinduced potentiation followed by an HFS-induced LTD in the same neuron. Moreover, we observed that the LTP-associated increase in AMPA/NMDA ratios remained elevated after LTD induction. This dual direction of plasticity was most obvious at 2 M Sp-cAMP and was not observed under cAMP concentrations that favored strong LTP induction. Consistent with the widespread view that corticostriatal LTP and LTD are mediated by postsynaptic and presynaptic mechanisms, respectively (Choi and Lovinger, 1997; Gerdeman et al., 2002; Ronesi et al., 2004) , these data support the idea that these two forms of plasticity are not mutually exclusive and coexist within the same cell, as was speculated recently (Lovinger, 2010) . Although these two types of plasticity functionally oppose one another, our data suggest that potentiation and depression do not necessarily reverse the physiological changes induced by each. Whereas other processes such as depotentiation (Picconi et al., 2003) and dedepression may reverse LTP and LTD, the conditions for those processes will be an important subject for future studies.
Our studies demonstrate both cAMP signaling and the intensity of excitatory inputs will favor one form of plasticity over the other-that is, conditions that favor potentiation suppress LTD induction and vice versa. Because cAMP is a cardinal subcellular effector for dopamine signaling, these observations are consistent with the idea that dopamine signaling through the cAMP pathway regulates the direction of striatal plasticity (Reynolds and Wickens, 2002; Calabresi et al., 2007) . High concentrations of dopamine that reduce cAMP via D2 activation facilitate LTD in the striatopallidal pathway Ochi et al., 1995) . In contrast, low dopamine levels reduce D2 activation, increasing intracellular cAMP and favoring LTP, as suggested here. The "three factor rule" of striatal plasticity states that synaptic strength is regulated by presynaptic and postsynaptic activity in combination with dopamine (Calabresi et al., 1992a (Calabresi et al., ,1992b Walsh, 1993; Reynolds and Wickens, 2002) . Our findings elaborate upon this, suggesting that intracellular cAMP is a key mediator of the dopamine regulation of plasticity in response to excitatory input strength.
In many brain areas, strong activation of excitatory synapses leads to potentiation and weaker stimulation induces depression (Malenka and Bear, 2004; Jörntell and Hansel, 2006) . In striatum, this relationship is less clear. Within the striatopallidal pathway, it has been amply demonstrated that HFS yields synaptic depression (Calabresi et al., 1992a; Pawlak and Kerr, 2008) . Our finding that LFS favors potentiation suggests The treatment conditions and procedures for assessing changes in synaptic strength are described in the Materials and Methods. *p Ͻ 0.05.
that the relationship between the direction of synaptic plasticity and the strength of afferent activity is inverted within the striatopallidal pathway and is also regulated by cAMP. At other synapses in the brain, mGluRs located outside the synapse have been shown to contribute to input-specific induction of synaptic plasticity (Lu et al., 1997; Anwyl, 1999; Bellone et al., 2008; Le Vasseur et al., 2008) . Striatal MSNs express mGluR5 receptors (Testa et al., 1994; Pin and Duvoisin, 1995; Kerner et al., 1997) and it has been reported that activation of mGluR5 receptors contributes significantly to HFS-induced LTD in striatal MSNs (Sung et al., 2001; Kreitzer and Malenka, 2005) . Consistent with this idea, the prevalence of LTP increases when mGluR activity is inhibited (Dos Santos Villar and Walsh, 1999) . It is likely that HFS induces sufficient glutamate release to activate extrasynaptic mGluR5 receptors and that LFS will not. Further studies are needed to identify the possible contribution of mGluR5 activity to LTP induction at these synapses. The aberrant learning hypothesis suggests that dopamine denervation induces inappropriate inhibitory learning that contributes to progressive deterioration of motor function in PD (Beeler et al., 2010; Wiecki and Frank, 2010; Beeler, 2011; Zhuang et al., 2013) . Although the underlying cellular mechanisms remain to be elucidated, the present study suggests that alterations in intracellular cAMP signaling secondary to dopamine denervation or blockade may induce a shift in bidirectional regulation of synaptic plasticity at striatopallidal synapses. By maintaining intracellular cAMP outside concentrations permissive for LTD, decreased dopamine tone inappropriately favors LTP and inhibitory learning. The mechanisms underlying this aberrant learning and plasticity may present promising targets for the development of more effective treatments for PD.
